We present results from deep observations towards the Cygnus region using 300 hours of very-high-energy (VHE) γ-ray data taken with the VERITAS Cherenkov telescope array and over seven years of high-energy γ-ray data taken with the Fermi satellite at an energy above 1 GeV. As the brightest region of diffuse γ-ray emission in the northern sky, the Cygnus region provides a promising area to probe the origins of cosmic rays. We report the identification of a potential Fermi-LAT counterpart to VER J2031+415 (TeV J2032+4130), and resolve the extended VHE source VER J2019+368 into two source candidates (VER J2018+367* and VER J2020+368*) and characterize their energy spectra. The Fermi-LAT morphology of 3FGL J2021.0+4031e (the Gamma-Cygni supernova remnant) was examined and a region of enhanced emission coincident with VER J2019+407 was identified and jointly fit with the VERITAS data. By modeling 3FGL J2015.6+3709 as two sources, one located at the location of the pulsar wind nebula CTB 87 and one at the quasar QSO J2015+371, a continuous spectrum from 1 GeV to 10 TeV was extracted for VER J2016 +371 (CTB 87). An additional 71 locations coincident with Fermi-LAT sources and other potential objects of interest were tested for VHE γ-ray emission, with no emission detected and upper limits on the differential flux placed at an average of 2.3% of the Crab Nebula flux. We interpret these observations in a multiwavelength context and present the most detailed γ-ray view of the region to date.
INTRODUCTION
Very-high-energy (VHE, E > 100 GeV (10 11 eV)) γ-rays provide insights into the most extreme environments in our local Universe. Produced by the interactions of relativistic particles, this radiation enables the study of the non-thermal astrophysical processes by which these particles are accelerated.
The Cygnus region is the brightest region of diffuse high-energy (HE, 0.1 GeV (10 8 eV) < E < 100 GeV (10 11 eV)) γ-rays in the northern sky. Seen as a small-scale version of a whole galaxy, the Cygnus region harbors a wealth of objects including over ten supernova remnants (SNRs) (Green 2014) , more than fourteen pulsars (Manchester et al. 2005) , nine OB associations, as well as numerous pulsar wind nebulae (PWNe), HII regions, Wolf-Rayet binary systems, microquasars, dense molecular clouds, and a superbubble. Cygnus-X, a large, diffuse region (roughly 5
• × 5
• centered at 20 h 31 m , 40
• 20 ′ ) of bright radio emission, is one of the richest known regions of star formation in the Galaxy, with OB associations that have a total stellar mass as high as 10 6 M ⊙ (Reipurth & Schneider 2008 ) and a total mechanical stellar wind energy output of ≥ 10 39 erg s −1 (Lozinskaya et al. 2002) , corresponding to several percent of the energy output by supernova remnants in the entire Galaxy (Verschuur & Kellermann 1988) . This makes the Cygnus region the largest known star-forming region in the Galaxy outside the Galactic center and this, combined with its proximity, is thought to be the reason for its brightness in HE γ-rays.
The Cygnus region has already been observed by various instruments at different wavelengths, including radio observations by the Canadian Galactic Plane Survey (CGPS) (Taylor et al. 2003 ) and the Giant Metrewave Radio Telescope (Paredes et al. 2007) , infrared observations by the Spitzer space telescope (Benjamin et al. 2003; Rieke et al. 2004; Churchwell et al. 2009 ), and X-ray observations by Chandra (Butt et al. 2003 (Butt et al. , 2006 , XMM-Newton (Horns et al. 2007) and Suzaku (Murakami et al. 2011; Mizuno et al. 2017 ). These observations have highlighted the variety of objects and processes within the region and firmly established it as a key region for understanding our Galaxy.
In the HE waveband, 36 γ-ray sources have been detected by the Fermi-LAT in the region covered by this analysis (described in Section 2) and published in the Fermi Large Area Telescope Third Source Catalog (3FGL, Acero et al. 2015) of which seven are pulsars and one is the large star forming region, the Cygnus cocoon. Of these sources, twelve appear in the 3FHL: The Third Catalog of Hard Fermi-LAT Sources (3FHL, Ajello et al. 2017 ), a catalog of sources above 10 GeV, of which five are pulsars, and three in the Second Fermi-LAT Catalog of High-Energy Sources (2FHL, Ackermann et al. 2016 ), a catalog above 50 GeV.
The Cygnus region has been observed by several VHE γ-ray instruments including HEGRA (Aharonian et al. 2005 ), Milagro (Abdo et al. 2007 ), ARGO-YBJ (Bartoli et al. 2012) , MAGIC (Albert et al. 2007; Aleksić et al. 2010) , VER-ITAS (Archambault et al. 2013; Aliu et al. 2013 Aliu et al. , 2014a and HAWC (Abeysekara et al. 2017 ). In the region defined in Section 2, seven VHE sources have already been detected. TeV J2032+4130 is an unidentified VHE emitter which lies within the extended Cygnus Cocoon. VER J2019+407 is also located within the Cygnus Cocoon and is associated with the Gamma-Cygni SNR (G78.2+2.1). The large, bright, unidentified Milagro source MGRO J2019+37 has since been resolved into two sources after observations by VERITAS: VER J2016+371 is associated with the SNR CTB 87, and VER J2019+368 is a spatially extended source whose origin has yet to be identified. HAWC has recently published the 2HWC catalog (Abeysekara et al. 2017) , their first catalog with the completed detector. The catalog was produced using 507 days of data and identified three new sources in the survey region: 2HWC J1953+294, which lies at the edge of the survey region; 2HWC J2006+341; and 2HWC J2024+417* (the * signifies that the source is separated from neighboring sources by a ∆( √ T est Statistic) of between 1 and 2). In this paper we present a survey over a 15
• by 5
• portion of the Cygnus region centered on Galactic longitude (l) 74.5
• and Galactic latitude (b) 1.5
• conducted by VERITAS between 2007 April and 2008 December with a total observing time of 135 h (120 h live time). We also include targeted and follow-up observations of 174 h (151 h live time) made by VERITAS between 2008 November and 2012 June, for a total observing time of 309 h (271 h live time) distributed as shown in Figure 1 . Initial results from these observations, including the deeper study of three regions have already been published by the VERITAS collaboration (Aliu et al. 2013 (Aliu et al. , 2014a . Here we report the results from the combined sample of survey and follow-up observations from VERITAS.
After a description of VERITAS , its dataset and analysis methods are presented in Section 2. This is followed by a description of the Fermi-LAT and its data analysis in Section 3. Descriptions of the VERITAS results for the whole region are given in Section 4 and the Fermi-LAT results in Section 5. This is followed by the detailed study of the individual VHE sources previously detected by VERITAS in Section 6. and equatorial (right ascension, αJ2000, and declination, δJ2000) coordinates, solid and dashed lines respectively. The color scale represents the acceptance-corrected live time in hours. The bright regions correspond to the primary targets within the region, MGRO J2019+37, TeV J2032+4130 and the Gamma-Cygni supernova remnant.
The Very Energetic Radiation Imaging Telescope Array System (VERITAS) is an array of four imaging atmospheric Cherenkov telescopes (IACTs), located at the Fred Lawrence Whipple Observatory in southern Arizona (31
• 40 ′ N, 110
• 57 ′ W, 1.3 km a.s.l.). Each telescope is of Davies-Cotton design, with a 12-m diameter reflector comprised of 350 hexagonal mirror facets (Holder et al. 2006) . The focal length of each telescope is 12 m and each telescope is equipped with a camera consisting of 499 photomultiplier tube (PMT) "pixels" at the focus. The angular spacing between PMTs is 0.15
• , which yields a total field of view (FoV) of 3.5
• . Full array operations began in 2007 and, in the Summer of 2009, the first telescope was relocated to increase the sensitivity of the array (Otte 2009 ). The trigger was upgraded in the winter of 2012. In summer 2012 the cameras in each telescope were replaced with new, high quantum efficiency PMTs which has resulted in a decrease of the array energy threshold to about 85 GeV (Park 2015) . All the data presented in this work were taken prior to the 2012 camera upgrade using standard VERITAS operational procedures.
From 2007 April through 2008 December, VERITAS undertook a survey of a 15
• area of the Cygnus region, covering Galactic longitude (l) from 67
• to 82
• and Galactic latitude (b) from -1 • to 4
• . With a 1.75
• radius FoV, the VERITAS exposure extends out to cover approximately a 19
• by 9
• area (65.5 • < l < 83.5
• , -2.5 • < b < 5.5
• ). The survey consisted of nearly 135 h (120 h live time) of observations, reaching an average point-source sensitivity of better than 4% of the Crab Nebula flux above 200 GeV. Runs were taken at pointed positions with a spacing of 0.8
• in the longitudinal direction and 1
• in the latitudinal direction. An exposure time of approximately one hour per grid point was taken, with that hour broken into three 20-minute observation runs, giving the survey region a relatively uniform exposure of about 6 h. Observations were scheduled to keep the average zenith angle close to 20
• to avoid the higher energy threshold associated with larger zenith angle observations. In addition to this survey, additional observations totaling 174 h (151 h live time) were conducted in this region, targeting objects of interest and following up on hot spots identified in the initial survey. These observations were typically conducted in wobble mode (Fomin et al. 1991) , where the center of the FoV is offset from the target in one of the cardinal directions, allowing for simultaneous background estimation.
After removing periods affected by bad weather or hardware issues, 309 hours of data were taken. Accounting for dead time results in a dataset totaling 271 hours of quality-selected live time at an average zenith angle of 20
• . The acceptance-corrected exposure is depicted in Figure 1 .
The results presented here were generated using one of the standard VERITAS event reconstruction packages as described in Daniel (2007) . The air shower images are parameterized using the Hillas moment analysis (Hillas 1985) following calibration and image cleaning. Four analyses were conducted with four sets of selection criteria ("cuts") used to identify good quality images and to discriminate between γ-rays and the cosmic-ray background, these cuts consist of two different image intensity cuts and two different integration region sizes. The two different image intensity cuts that were applied as part of the selection of good quality images were at a medium threshold (about 70 photoelectrons) and at a high threshold (about 130 photoelectrons), giving minimum energy thresholds for these observations of around 200 and 400 GeV, respectively. The minimum energy threshold depends on the observing setup used for that point in the sky (energy threshold is defined here as the peak in the differential counting rate, the effective area multiplied by a power law spectrum of -2). For both image intensity cuts, a reconstructed image was required in a minimum of three telescopes and a constant image intensity cut was used across the survey region. After selecting good quality images, selection cuts were applied on the reconstructed images to select γ-ray like events before two source searches were conducted for each of the image intensity cuts. For a point source search, we used an integration radius of θ int = 0.1
• (Point ), and for an extended source search θ int = 0.23 • (Extended ). In addition to selecting these cuts for optimum sensitivity to typical Galactic sources, they were chosen to reduce the impact of the numerous background stars in the region. With the higher energy threshold cuts applied, the point spread function (PSF; 68% containment radius) at 1 TeV was 0.1
• . To produce a sky map of the region, the survey region was divided into a grid of trial source positions with grid points spaced by 0.025
• , a value well below the PSF of the instrument. For each of these points, for both the Point and Extended integration radii, a ring background model (RBM) analysis (Berge et al. 2007 ) was conducted and the significance of the deviation from a background-only model was calculated using Equation 17 of Li & Ma (1983) . Spectral analysis was conducted using the reflected region (RR) method (Berge et al. 2007 ). In both cases regions around known sources and optically bright stars (magnitude brighter than 6) which cause a reduction in the local rate of events (Berge et al. 2007 ) are excluded from the background regions.
The source extension was determined by fitting a sky map of the excess events with a two-dimensional Gaussian distribution convolved with the VERITAS PSF. The PSF was modeled as a King function and fit to observations of the Crab Nebula, with a correction applied for the difference between the spectral indices of the examined source and the Crab Nebula. To estimate the systematic uncertainty, the source extension was also determined using different models of the PSF. In addition the model generated using the Crab Nebula models were also generated using Markarian 421 observations and the PSF was also modeled as the sum of two symmetric Gaussian functions, giving four different models of the PSF. The standard deviation of these four results is quoted as the systematic error.
For all sources except for VER J2016+371, to conduct a spectral analysis, only data taken with four telescopes in operation and with a pointing offset of less than one degree were used, to reduce systematic errors on the energy reconstruction. In the case of VER J2016+371, due to the larger pointing offset of the majority of the data, the offset requirement was relaxed to observations within two degrees. Due to the nature of the IACT technique, though the FoV is only 1.75
• radius, large images can be reconstructed with origins that lie outside of the FoV. This allows for the offset requirement to be larger than the FoV. We found, through observations of the Crab Nebula and through simulations, that increasing the maximum offset up to two degrees increased the energy resolution and introduced a small (< 10%) bias in reconstructed energies. To account for these effects, we have increased the systematic error on VER J2016+371to ±0.4 on the spectral index and ±40% in the flux normalization from the estimate of the error of ±0.2 on the spectral index and ±20% for the rest of these observations. All spectral points with a significance of at least 1σ were fit with one of two spectral types, a power law (PL, Equation 1) or a log parabola (LP, Equation 2), also known as a curved power law, with an F-test conducted to determine whether there was significant evidence of curvature.
Here, F is the differential flux, −γ is the spectral index, β the curvature of the spectral index, N 0 the normalization, E 0 the energy normalization and E b the energy of the spectral break. For fits to curved spectra we insist upon concavity, that is for the LP β > 0. Upper limits were calculated using the method of Rolke (Rolke et al. 2005) at the 95% level (statistical uncertainty only) and with an assumed spectral index of -2.5.
Fermi-LAT ANALYSIS
The Fermi Gamma-ray Space Telescope has been operating since its launch in 2008 with two γ-ray instruments: the Large Area Telescope (LAT) and the Gamma-ray Burst Monitor (GBM). The LAT (Atwood et al. 2009 ), Fermi's primary instrument, is a pair conversion γ-ray detector that is sensitive to γ-rays with energies from 20 MeV to greater than 500 GeV. The effective collecting area is approximately 6500 cm 2 at 1 GeV, and the angular resolution is strongly energy-dependent, with a 68% containment radius of about 0.8
• at 1 GeV. Tables describing the energy resolution, effective area, and angular resolution are provided with the publicly available analysis tools.
1
We have undertaken an analysis of the Cygnus region using over 7 years (2008 August -2016 of Fermi-LAT Pass 8 data ) using Fermi-LAT science tools v10r0p5 2 and the fermipy tools v0.13.5 (Wood et al. 2017) . In order to reduce the contribution of the Galactic diffuse emission and for improved angular resolution, "FRONT+BACK" events were selected in the energy range from 1 to 500 GeV. They were selected within a 30
• radius region centered at (l, b) = (74.5
• , 1.5
• ). The region of interest was taken to be 65.5
• to match the VERITAS data. "SOURCE" class photons were selected to maximize the effective area, while the corresponding IRF "P8R2 SOURCE V6" was used with a maximum zenith angle of 90
• and only using good time intervals. We used the binned analysis technique ), implemented in the fermipy routine optimize to conduct an iterative fit to all of the sources and optimize the model parameters. It was then possible to calculate the significance of the source detection, the flux of the source, and the spectrum for sources in the region of interest. The base model was derived from the third Fermi-LAT source catalog (3FGL) (Acero et al. 2015) using the provided templates for extended sources.
3 It was confirmed that all sources from the earlier Fermi-LAT high energy catalogs (1FHL (Ackermann et al. 2013) and 2FHL Ackermann et al. (2016) ) in the region are also 3FGL sources (the 3FHL was published after this analysis was conducted and a comparison with the results is presented in Section 5). For this analysis the Galactic diffuse emission model "gll iem v06.fits" and isotropic diffuse model "iso P8R2 SOURCE V6 v06.txt" provided by the Fermi-LAT collaboration were used.
4 After an initial fit, sources with a Test Statistic (TS) less than 16.0 were removed from the subsequent fits. The fermipy tool find sources was used to identify new sources in the region of interest with a TS of at least 20, which were then added to the model. The region was then refit with sources below a minimum TS (which was incrementally increased to 25 over a number of fits) removed.
As observed by the Fermi-LAT, up to a few 10s of GeV, by far the brightest sources in the region are the pulsars, but they all exhibit a spectral break at around a few GeV (Abdo et al. 2013 ) with an extrapolated flux that at 1000 GeV exceeds the VERITAS sensitivity by several orders of magnitude. The pulsed emission is therefore not expected to contribute at very high energies. In contrast, PWNe are very common VHE emitters (H.E.S.S. Collaboration et al. 2018b) , and nebulae associated with these bright pulsars might be detectable by VERITAS. To search for potential PWN emission associated with the observed VERITAS sources, a technique was employed to remove (or at least significantly reduce) the pulsar emission. To do this, a "gated" analysis was conducted, where a time cut was applied to the pulsar phase to remove the ON-pulse contribution. We used tempo2 with the Fermi-LAT plugin (Hobbs et al. 2006; Ray et al. 2011) to assign pulsar phases to the photons in the region for the pulsars using the timing models from Kerr et al. (2015) for two pulsars that lie close to detected VERITAS sources (3FGL J2021.1+3651, and 3FGL J2032.2+4126), and the resulting phaseograms were checked against the published results. The ON-pulse region was defined using these phaseograms to cover any ON-pulse and bridge emission, with the region defined conservatively to minimise the contamination of the pulsar flux into the OFF-pulse region. Then, using only data from the time periods covered by the pulsar ephemeris, we looked for steady emission from a putative PWN in the OFF-pulse intervals. In addition to this standard gated analysis, which suffers from reduced sensitivity due to the reduced exposure time after phase cuts and the limited time range of the publicly available ephemerides, we performed an additional analysis. The aim of this analysis was to increase the exposure available, increasing the sensitivity and reducing the statistical errors. This was performed by conducting an ON-pulse analysis on the data covered by the available ephemerides to determine the spectral parameters of the pulsar emission. The parameters of the pulsar in the full model were then fixed to these parameters and the whole dataset (covering the full time range) was refit. Nebula emission should then be apparent as a positive residual. For this method to work, the ON-pulse flux needs to be steady over time, thus we checked the catalog light curves and also produced new light curves of each of these objects to check for flux variability. The analysis method was not applied to 3FGL J2021.5+4026 (the Gamma-Cygni pulsar) due to its large flux variability over time and the lack of a clearly definable OFF-pulse (Allafort et al. 2013 ). This did not unduly impact the analysis of the region since the Gamma-Cygni SNR was already detected as an extended object in the Fermi-LAT data (Lande et al. 2012) and is clearly distinguishable from the pulsar emission. Any sources found in this way were added to the model, the pulsar spectral parameters freed, and a new fit was conducted. Provided the new source has a TS of at least 25 after being refit with the pulsar parameters free, it was kept in the model.
The Fermi-LAT sources were fit with one of three spectral types: a power law (PL, Equation 1), a log parabola (LP, Equation 2), or (in the case of identified pulsars as in the 3FGL) a power law with exponential cutoff (PLEC, Equation 3).
where E c the energy of the spectral cutoff. A number of sources which were fit with a LP in the 3FGL were fit with a PL in this analysis because β was either negative or consistent with zero within errors, which is likely due to the higher energy threshold in this analysis. The decorrelation energy of each source with a power law spectrum was then calculated and the spectrum refit with the pivot energy set to the decorrelation energy. This produced the base model from which all analyses were conducted.
For Fermi-LAT sources associated with VERITAS sources, a χ 2 fit was conducted to the spectral points for both the VERITAS and Fermi-LAT data, considering statistical errors only. Three different spectral models were tested, PL (Equation 1), LP (Equation 2) and broken power law (BPL, Equation 4).
As mentioned previously, for fits to curved spectra we insist upon concavity, that is for the LP β > 0 and for the BPL −γ 1 > −γ 2 .
VERITAS RESULTS
We used the ring background method (Section 2) over a grid of points at a spacing of 0.025
• and the higher energy image intensity cut to produce a sky map of the significances for the observed region. This resulted in an average energy threshold of about 400 GeV which is roughly uniform across the survey region. Examination of these significance sky maps ( Figure 2 ) produced with both integration region radii show the four known VHE sources as regions of high significance. The extended sources VER J2031+415, VER J2019+407, and VER J2019+368 were detected at 10.1, 7.6 and 10.3σ respectively, using the Extended integration region and are described in more detail in Sections 6.1, 6.2 and 6.3. The point source VER J2016+371 was detected at 6.2σ using the Point integration region and is described in Section 6.4. For this analysis, the statistical significance is quoted at the pre-defined locations of these sources without accounting for statistical trials. Full descriptions of the analyses leading to the detection of each of these objects, and the statistical trials involved, are given in the relevant discovery papers.
The presence of γ-ray sources in these sky maps can be determined by examining a histogram of all of the bins in the significance sky map. If the null hypothesis is true (that there is a uniform background and that the camera acceptance is well modeled), then the only variation in the significances of the bins should be statistical and they should be normally distributed. In this case, we know that there are both γ-ray sources and bright stars which invalidate the null hypothesis, thus we only expect the significances to be normally distributed in the bins which lie away from these regions. We have produced two histograms, one with all of the bins in the sky map included, which should show significant variation from a normal distribution due to the stars and the γ-ray sources; and one with γ-ray sources and bright stars excluded, which should be normally distributed. Examining these histograms (Figure 3) shows the presence of the known sources prior to their exclusion (blue line) but no additional sources after the known sources have been excluded (orange line). The distribution with both the sources and bright stars excluded is close to a normal distribution (black line) with the mean approximately equal to zero and standard deviation approximately equal to one. The wider distribution for the Extended analysis reflects the greater correlation between the bins and is common Figure 2. Significance sky maps above 400 GeV of the entire region using the Point (0.1 • ) and Extended (0.23 • ) integration radii. Significances were calculated using Equation 17 of Li & Ma (1983) and the ring background method. Areas around known sources and bright stars were excluded from background regions. Overlaid are the 1σ ellipses for the source extension fits with an asymmetric Gaussian function for the three extended sources (VER J2019+407, VER J2031+415, VER J2019+368) and the position for VER J2016+371 (cross).
in such analyses. With no clear positive excess there is no evidence for additional sources and the good fit to a normal distribution shows that the background and acceptance functions are well modeled and understood. To check for weak sources whose presence could be masked by the number of bins in the distribution, the survey region was broken up into smaller, overlapping 6
• × 6
• tiles and the significance distributions from those regions were also examined. Again, no evidence for any sources beyond the four previously detected sources was found, and the background was found to be well modeled for all of the regions.
Upper Limits of Undetected Sources
In addition to the four VHE sources previously detected, there are a number of other objects within the Cygnus region that are potential VHE γ-ray emitters. These are objects that show significant, non-thermal emission in other wavebands, or belong to source classes which are either known to be or thought to be VHE γ-ray emitters. Foremost amongst these objects are the two bright X-ray sources, Cygnus X-1 and X-3.
Cygnus X-1 is a high mass X-ray binary (HMXB) which consists of a (14.8±1.0) M ⊙ black hole orbiting around a O9.7Iab companion of (19.2±1.9) M ⊙ . The binary system is located at a distance of 1.86 +0.12 −0.11 kpc (Reid et al. 2011; Xiang et al. 2011 ) in a circular orbit of 5.6 days and at an inclination of 27.1±0.8
• . There has been no detection of steady VHE emission from Cygnus X-1 although MAGIC observations showed evidence of variable emission at the 4.9σ level (4.1σ after accounting for the number of statistical trials) for emission during 79 minutes effective on time between 2006 September 24 22h17 and 23h41 UTC (Albert et al. 2007 Malyshev et al. (2013) at the 4σ level using Pass 7 Fermi-LAT data. This was for emission in the hard spectral state when the lower energy thermal component is weak and the emission is dominated by high energy X-rays. Using Pass 8 data Zanin et al. (2016) found emission correlated with the hard spectral state later on confirmed by Zdziarski et al. (2017) .
Cygnus X-3 was the first microquasar seen emitting in HE γ-rays by AGILE (Tavani et al. 2009 ) and Fermi-LAT ) (although it does not appear in the 3FGL catalog due to flux variability, it is associated with 1FGL J2032.4+4057 and 2FGL J2032.1+4049). Unlike Cygnus X-1 where HE emission is associated with the hard spectral state and the presence of jets, in Cygnus X-3, HE emission is strongly anti-correlated with the hard X-ray emission, is emitted prior to major radio flares and is associated with discrete-blob jets (Corbel et al. 2012; Piano et al. 2012) . Cygnus X-3 is a HMXB where the compact object powering the system is either a neutron star in an unusual state of accretion, or a black hole of 10-20 M ⊙ orbiting around a Wolf-Rayet companion (van Kerkwijk et al. 1992) . Study of this system could shed light on the non-thermal processes associated with the formation of relativistic jets from accretion processes. Currently, the source is undetected at very high energies and flux upper limits have been set by VERITAS and MAGIC, with the former reporting a limit of 0.7 × 10 −12 photons cm −2 s −1 above 263 GeV (Archambault et al. 2013 ) and the latter reporting an upper limit of 2.2 × 10 −12 photons cm −2 s −1 above 250 GeV (Aleksić et al. 2010) . VERITAS has also conducted observations during radio and γ-ray flaring episodes, placing a preliminary upper limit on the flux at 3.11×10 −12 cm −2 s −1 above 500 GeV. The results presented here for both Cygnus X-1 and X-3 are the average over all the observations, irrespective of the spectral state. Breakdowns by spectral state are beyond the scope of this work.
In addition to these two well known HMXBs there are other high and low mass X-ray binaries in the region along with a number of other potential sources of VHE emission including PWNe, SNRs, and colliding wind binaries (CWB). In this paper we have generated a list of PWNe/SNRs using Green's catalog (Green 2014 ) and cross checked it with "A census of high-energy observations of Galactic supernova remnants"
5 (Ferrand & Safi-Harb 2012) . We developed lists of binaries from the catalogs produced by Liu et al. (2006 Liu et al. ( , 2007 and De Becker & Raucq (2013) . The list of sources presented here is not intended to be exhaustive; rather, the sources have been selected by the authors of this paper as potential VHE emitters. All of the sources from the Fermi-LAT analysis in this work (Section 5) are also included. In addition, two sources from the 3FHL (3FHL J1950.5+3457 and 3FHL J2026.7+3449) that are not associated with sources in the 3FGL are included (3FHL J2015.9+3712 which lies within the VER J2016+371 region is discussed in Section 6.4) along with the three undetected HAWC sources. If two upper limit locations lie within 0.05
• (typically because the source is also detected by the Fermi-LAT) then the more accurate radio/X-ray position is taken as the nominal position.
In total 71 locations were tested, the upper limits are presented in Table 1 and, for all of the Fermi sources, they are also plotted on the relevant Fermi-LAT SEDs in Figure 7 . In the majority of cases, the upper limits do not constrain an extrapolation of the Fermi-LAT flux with the remaining sources having upper limits that lie within approximately 1σ of the extrapolated flux. The mean upper limit was 2.3% (2.9%) of the Crab Nebula flux 6 for the Point (Extended ) integration regions above 600 GeV. The most significant location tested is G69.7+1.0, which has σ local of 3 for the Point integration region and 2.3 for the Extended integration region. Since we have tested 71 locations for upper limits, a corresponding trials factor (calculated using Equation B8) needs to be imposed, after applying this correction we determined σ global values of 1.3 and 0.6 respectively.
2HWC J1953+294 lies at the edge of the survey region, only covered by a few runs at a large offset in this analysis, with 109 minutes of live time. At its location, the RBM significance is 0.75σ (-0.12σ) for the Point (Extended ) analysis. Holder et al. (2016) presented an analysis of 37 hours of VERITAS data that covers this source (most of which is not included in this paper) and found a statistically significant γ-ray source located within the HAWC source contours. This emission is coincident with the PWN DA 495 (G65.7+1.2) and its central object, WGA J1952.2+2925. Further work on this region will form part of a forthcoming publication.
2HWC J2006+341 was not detected in this analysis with the RBM analysis (0.93σ and 1.61σ for the Point and Extended analyses respectively) in 513 minutes of live time. Locally the significance reached 2.73σ (2.78σ) for the Point (Extended ) analysis at (l, b) = (71.07
• , 1.04 and 7.3 × 10 −13 cm −2 s −1 above 600 GeV. The results presented here represent an improvement by approximately a factor of two over both of these results. Table 1 . VERITAS upper limits of the integral and differential flux for a variety of locations that could emit VHE γ-rays. The upper limits were calculated using the method of Rolke (Rolke et al. 2005) at the 95% level and with an assumed spectral index of -2.5. They have a mean decorrelation energy of 980 GeV and a standard deviation on the decorrelation energy of 100 GeV. Sources identified as simply FGL are found in the analysis of Fermi -LAT data performed for this work and are reported here (and in Table 3 ) for the first time. ON are the counts from within the integration region, OFF are the counts from the background regions, α is the ratio of the number of signal to background regions. Sig. is the significance calculated using the RR method (Section 2, in σ), Energy Thresh. is the energy threshold (in GeV), Int. UL is the integral upper limit in units of cm −2 s −1 between the energy threshold and 3×10 4 GeV and Diff. UL is the differential upper limits in units of cm −2 s −1 GeV −1 and at an energy of 1000 GeV. SNR = supernova remnant, HMXB = high mass X-ray binary, LMXB = low mass X-ray binary, CWB = particle-accelerating colliding-wind binary, BCU = active galaxy of uncertain type, U = unknown. It is interesting to examine whether there is any evidence of emission that is not detectable for any of the locations individually. If so, this would show up as a positive mean significance across all 71 results. The mean significances for all of the upper limit positions are 0.33 and 0.18 for the Point and Extended integration regions respectively. To test whether these positive mean significances are significant deviations from the expected mean significances of zero comparisons are made with the same number of significances drawn at random from the significance sky maps shown in Section 4 but with the VHE sources masked out. This was repeated 500,000 times using both the Point and Extended sky maps (Figure 4) . From the Point sky map a mean significance of at least 0.33σ occurred 1029 times, giving a probability of occurrence of 2.1 × 10 −3 (a 2.9σ fluctuation), whereas for the Extended sky map a deflection of at least 0.18σ occurred 21091 times with probability 4.22 × 10 −2 (a 1.7σ fluctuation). There is no significant evidence for additional sources with fluxes that are just below the sensitivity of this work.
Mean Significance Mean Significance Figure 4 . Histograms of mean significances calculated from 71 random locations outside the source exclusion regions in the significance sky map repeated 50,000 times for both the Point (a) and Extended (b) integration regions. The blue line shows the results of the test; the black dashed line is the best fit Gaussian distribution. The mean and the one, two, and three standard deviations of the distribution are shown in orange. Note that the mean significance is slightly less than zero in both instances, reflecting the fact that the locations of bright stars have not been excluded from the possible locations of the randomly drawn locations. The mean of the significance of the upper limit locations is marked by the green line and in both cases is clearly offset from the mean, corresponding to a 2.9σ and 1.7σ fluctuations for the Point and Extended integration regions respectively.
In addition to calculating upper limits at specific locations for the chosen sources we calculated an upper limit map for each of the integration regions. Upper limits were calculated using the method of Rolke (Rolke et al. 2005) at the 95% level (statistical uncertainty only) and with an assumed spectral index of -2.5 and using the ring background method and are presented in Figure 5 .
Fermi-LAT RESULTS
The Fermi-LAT counts map of the survey region is shown in Figure 6 together with the locations (and extensions for extended sources) of the 3FGL sources and the new sources identified in this analysis. In the survey region 27 3FGL catalog sources were identified which overlap with eight 1FHL sources, and four 2FHL sources. The 3FGL sources in this region that were removed from the model due to their low TS (< 25) are listed in Appendix C. In addition, 25 new point sources were identified within the survey region. This number of new sources is not unexpected due to two main factors, the increase in the exposure time (7.5 years rather than 4 years) and the increased sensitivity of Pass 8 in comparison to Pass 7 (the increase in the differential sensitivity is about a factor of 1.25 above 1 GeV ). Furthermore nine of the new sources lie within the Cygnus Cocoon. It is noted that in the residual map of this analysis a deficit was located in the region around (l, b) = (81 • , 2.5 • ). The low-TS sources around the edge of the Cygnus Cocoon along with this deficit suggest that the symmetrical Gaussian model of the cocoon is overly simplistic. However, producing a more detailed analysis of the region with an improved model of the Cygnus Cocoon is beyond the scope of this work. The results for individual Fermi catalog sources are presented in Table 2 , with their SEDs shown in Figure 7 . The results for the new sources identified in this analysis are presented in Table 3 and Figure 7 .
There are two 3FHL catalog sources that were not detected in this analysis, 3FHL J1950.5+3457 and 3FHL J2026.7+3449. Both of these sources are close to the 3FHL detection threshold (5.5σ and 4.2σ respectively) and Figure 5. Map of the 95% upper limits on the differential flux at 1000 GeV using the Point (0.1 • ) and Extended (0.23 • ) integration radii. Upper limits were calculated using the method of Rolke (Rolke et al. 2005) at the 95% level and with an assumed spectral index of -2.5 and using the ring background method. Areas around known sources and bright stars were excluded from background regions. Overlaid are the 1σ ellipses for the source extension fits with an asymmetric Gaussian function for the three extended sources (VER J2019+407, VER J2031+415, VER J2019+368) and the position for VER J2016 +371 (cross).
are hard (spectral indices of -1.8 and -1.9). Combined with the higher energy threshold of the 3FHL (10 GeV cf. 1 GeV), this could explain why neither of these sources is detected in this analysis. Figure 7 . SEDs for all of the Fermi -LAT sources within the survey region (blue). For sources that lie outside the VERITAS source exclusion regions, VERITAS 95% confidence level differential upper limits are presented for the Point and Extended analysis in black and magenta respectively (see Section 4.1 for details). The red butterfly is the 3FGL catalog spectrum (Acero et al. 2015) , purple is from the 3FHL catalog (Ajello et al. 2017 ). The two extended sources 3FGL J2021.0+4031e and 3FGL J2028.6+4110e had their spectra fixed during the production of the 3FGL catalog and thus are plotted without butterflies. Table 2 . >1 GeV Fermi -LAT analysis results for 3FGL sources that lie within the survey region. For each source, the Galactic coordinates for the source are listed together with the corresponding TS value at this location. Associations as listed are from the 3FGL. Source class definitions: PSR = pulsar, FSRQ = flat spectrum radio quasar type of blazar, BCU = active galaxy of uncertain type, SNR = supernova remnant, SFR = star-forming region, SPP = special case, either SNR or PWN, U = unknown. Sources marked with a * next to their name lie in the field of the Cygnus Cocoon. The spectra were fit with a PL (Equation 1), LP (Equation 2), or a PLEC (Equation 3). c FGL J2006.3+3103 lies coincident with PSR J2006+3102 and was identified in Zanin et al. (2016) as being the most likely counterpart due to the location and spectral shape. No search for pulsations has been conducted and no evidence of spectral curvature was detected.
d FGL J2009.9+3544 lies 0.075
• away from the source identified as n1 in Zdziarski et al. (2017) which they associated with HD 191612 (0.092
• from FGL J2009.9+3544), an O8 high mass binary detected by both XMM-Newton and ROSAT.
e The addition of the new point source FGL J2013.3+3616 resulted in the removal of the 3FGL source 3FGL J2014.4+3606 (TS < 25). This source lies 12 ′ away from the center of SNR G73.9+0.9 (which has an extension of 27 ′ Green (2014)). This association has previously been reported in Zdziarski et al. (2016) and in Zanin et al. (2016) . It is included in the 1SC (Acero et al. 2016) as a marginally classified candidate with a TS of 30 at a position of (l, b) = (73.86
• , 0.92 ′ away from Cygnus X-3, and close to the previously reported 1FGL and 2FGL catalog sources 1FGL J2032.4+4057 and 2FGL J2032.1+4049 which were both associated with Cygnus X-3. It was not reported in the 3FGL due to flux variability (Acero et al. 2015) .
RESULTS FOR KNOWN VHE SOURCES & OTHER OBJECTS OF INTEREST
6.1. VER J2031+415 6.1.1. Background
In the vicinity of Cygnus OB2, the γ-ray source TeV J2032+4130 was the first unidentified VHE γ-ray source. It was discovered with the HEGRA IACTs (Aharonian et al. 2005 ) and has been further studied by the Whipple (Konopelko et al. 2007 ), MAGIC (Albert et al. 2008 ) and VERITAS (Aliu et al. 2014a) IACTs. As the position of the source is coincident with the Cygnus OB2 star association and located north of the micro-quasar Cygnus X-3, it was suggested that these two sources could be the origin of the VHE γ-rays (Aharonian et al. 2002) . More recently, it has been argued that the VHE source could be the PWN of the GeV pulsar PSR J2032+4127 (Aliu et al. 2014a; Camilo et al. 2009 ). Lyne et al. (2015) suggested that PSR J2032+4127 is part of a binary system with a 15M ⊙ Be star, though the authors argue that this binary might not be able to fully power the VHE emission. Observations of the region during the November 2017 periaston found correlated X-and γ-ray emission from the direction of the pulsar, confirming the binary nature of the system (Veritas & MAGIC Collaborations 2017), a paper is in preparation to present these results.
VER J2031+415 is located in the Cygnus Cocoon, a large excess of hard spectrum emission detected by Fermi-LAT that is associated with the star-forming region Cygnus X and has the potential to be detected at VHE energies (Ackermann et al. 2011 ). The extensive air shower arrays Milagro and ARGO-YBJ have detected extended emission coming from the same region (MGRO J2031+41 (Abdo et al. 2007 ) and ARGO J2031+4157 (Bartoli et al. 2012 )) at energies above 20 TeV and 1 TeV respectively, and these sources have been associated with the Cygnus Cocoon. The Cygnus Cocoon overlaps with, but extends beyond, TeV J2032+4130 and the extent of this emission makes it unlikely to be detectable by VERITAS using conventional techniques. Localized sources of emission (of which TeV J2032+4130 could be an example) within the Cygnus Cocoon may be detectable and IACT observations may be able to identify the sources which are powering this emission. Identification of the origin of the VHE emission from TeV J2032+4130 could help to clarify the origin of the emission from this complex region.
Results
In this analysis, VER J2031+415 was observed by VERITAS at a peak (local) significance of 10.1σ using the Extended integration radius. As in Aliu et al. (2014a) the source was found to be extended and asymmetrical. The extension was fit with an asymmetrical Gaussian function and is given in Table 4 . The Fermi-LAT emission in the region is dominated by the pulsar PSR J2032+4127 (3FGL J2032.2+4126) which cuts off sharply at a few GeV. To investigate the possibility of an additional source (for example a PWN) that is masked by the emission from PSR J2032+4127, a gated analysis was performed to remove the pulsed component using the method outlined in Section 3, with the OFF-pulse selected using phases 0.1 to 0.4 and 0.5 to 0.9. This analysis showed an extended residual, as depicted in Figure 8 , with a centroid of (l, b) = (80.24
• ± 0.03 • −0.03 • centered on this location. Thus, we name the source FGL J2032.2+4128e. This source has a TS of 321.1 and the TS of extension is 28.6. A uniform disk source was also tested, the best fit had a 68% containment radius of 0.15
•+0.02
• −0.02 • and a TS of extension of 24.7, the Gaussian source morphology was preferred and used for the rest of this work.
A cross check using an OFF-pulse analysis identified a similar residual with a comparable morphology although, with the smaller statistics due to the combined effect of the phase cut and limited time period of the ephemeris (about a factor of 2 reduction in live time), the signal is weaker. The similarity in the morphology between these two methods of removing the pulsar, and the offset and extension in the residual is supportive of this residual being due to a new source rather than an artifact due to errors in fitting to PSR J2032+4127.
An additional analysis was conducted above 5 GeV, this has the advantage that the PSF is reduced at these energies (to around 0.3
• at 5 GeV) which will improve the ability to separate the two sources. This also found moderately extended emission potentially associated with VER J2031+415 with a TS of 31.7 as shown in Figure 8 . A fit to this emission was conducted and it was found to peak at (l, b) = (80.21
• ± 0.04
• stat , 1.10
• 29 ′ 24 ′′ ) with an extension of 0.14 ± 0.05 stat and a TS of extension of 10.6. It is noted that an analysis of the Fermi-LAT data from the Cygnus Cocoon region is a very complex and, in this analysis, a simplistic model of the Cocoon emission was used (a single symmetric Gaussian as in the 3FGL). Further work with a more detailed morphology of the Cygnus Cocoon has the potential to provide significantly more insight here, but is beyond the scope of this work. In particular there are significant challenges associated with disentangling the emission from the various objects and identifying whether an observed region of emission is associated with a peak in the emission from the Cygnus Cocoon or another source. At present, VHE emission is either detected from a significantly extended region (Milagro and ARGO-YBJ) associated with the Cygnus Cocoon or a smaller, moderately extended region (VERITAS, MAGIC, HEGRA, HAWC and Whipple) associate with TeV J2032+4130. Understanding the relationship between these VHE observations will significantly improve our ability to understand this region in other wavelengths. To do this will require further development of tools such as the "3D Maximum Likelihood Method" currently being developed (Weinstein 2014; Cardenzana 2017 ) which will allow for observations of significantly extended objects by VERITAS. This will then allow the superior PSF of VERITAS to be used to study the morphology of the Cygnus Cocoon, providing information that could be used to guide the HE analysis. Until then it is not possible to definitively claim the detection of a HE counterpart to VER J2031+415, nor to fully understand the relationship between the two objects. However, the presence of extend emission with similar morphology to those observed in VER J2031+415 is highly suggestive that there is HE emission associated with the source.
The spectra of VER J2031+415 and FGL J2032.2+4128e are shown in Figure 9 . The VERITAS spectrum is given in Table 5 and is consistent with the spectrum presented in Aliu et al. (2014a) . The spectrum of HE emission can be described by a power law with index 2.52 ± 0.07 stat and a normalization of (1.44 ± 0.09 stat ) × 10
at 2.27 GeV. Comparing the spectra of FGL J2032.2+4128e and 3FGL J2032.2+4126 shows that, below 1 GeV, the extrapolated flux from FGL J2032.2+4128e would be stronger than 3FGL J2032.2+4126. This is clearly not the case as it has not been detected in lower energy analyses. It is likely, therefore, that at low energies some of the emission from 3FGL J2032.2+4126 and potentially the Cygnus Cocoon is being included in the measured flux from FGL J2032.2+4128e. A joint fit to the VERITAS and Fermi-LAT data points for VER J2031+415/FGL J2032.2+4128e is well fit with a PL of index 2.39 ± 0.03 stat and normalization (3.61 ± 0.21 stat ) × 10 −10 GeV −1 cm −2 s −1 at 4.04 GeV, with a χ 2 of 9.9 for 9 DoF. However, it is clearly evident that the low energy Fermi-LAT spectral points are contaminated with emission from 3FGL J2032.2+4126. To reduce the impact of this and better match the regions from which the VERITAS spectrum was extracted the analysis above 5 GeV was used. This spectrum (index = 2.33 ± 0.22 stat , normalization = (8.80 ± 1.76 stat ) × 10 −12 GeV −1 cm −2 s −1 at 15.1 GeV, Figure 9 ) shows good agreement with the VERITAS spectrum for VER J2031+415 and together they are well fit with a PL of index 2.22 ± 0.06 stat and normalization (2.28 ± 0.33 stat ) × 10 −15 GeV −1 cm −2 s −1 at 221 GeV with a χ 2 of 4.9 for 9 DoF. . Significance ( √ TS) map of the Fermi -LAT observations in the region of VER J2031+415 with the pulsar PSR J2032+4127 (3FGL J2032.2+4126) fixed to the ON-pulse spectral parameters. The best fit extension of FGL J2032.2+4128e, the source fit to this excess is shown in purple. Overlaid in green dot-dash contours are the 3, 4 and 5 √ TS contours from the analysis above 5 GeV. Also shown are VERITAS excess contours using the Extended integration region at levels of 50, 100, 150, 200, and 250 counts (red) and HAWC significance contours at 3, 4, 5, 6, and 7σ (black dash). The locations of VER J2031+415 (black star), 3FGL J2032.3+4126 (purple cross), 2HWC J2031+415 (white tri) and Cygnus X-3 (white plus) are also indicated in the figure. Table 5 . Observation results for the VERITAS sources. ON, OFF, and α are from the RBM analysis. The spectral analysis is conducted using the RR method (Section 2) and all sources were best fit with a power law (Equation 1). 
Discussion
VER J2031+415 has been detected by HAWC and is listed in the 2HWC catalog as 2HWC J2031+415. The VERITAS location lies just outside the HAWC 1σ uncertainty at a distance of 0.11
• (though the HAWC position lies within the 1σ extent of the VERITAS emission). HAWC sees evidence of extension with the source fit with both a point source and uniform disk of radius 0.7
• . This extension is larger than that measured by VERITAS and closer to the results from Milagro. Using both extensions, HAWC detects a higher flux ((3.24 ± 0.32 stat )× 10
and (6.16±0.44 stat )×10 −17 GeV −1 cm −2 s −1 at 7000 GeV for the point and extended fit respectively) and softer spectral index (−2.57 ± 0.07 stat and −2.52 ± 0.05 stat ) than reported in this work (and in previous observations by IACTs); this is likely due to contributions from the extended emission that is not detected by VERITAS.
With similar morphologies and spectral properties, it is likely that both the HE and VHE emission share a common origin. Given the proximity of the emission from both sources to the pulsar PSR J2032+4127, a PWN origin of this emission is a strong possibility. However, Aliu et al. (2014a) comment that, taking into account the hard spectral index (∼ -2) and due to the Klein-Nishina effect, a cutoff in the spectrum should be seen close to 10 TeV in order to be consistent with the PWN interpretation. Though it cannot be excluded using these data alone, there is no evidence of a spectral cutoff in this data which would be expected with a PWN origin for the emission.
Multiwavelength images of TeV J2032+4130 and its vicinity are shown in Figure 10 . The infrared images from Spitzer are dominated by bright diffuse emission exhibiting complex structure caused by star-forming activity taking place in the Cygnus X complex. In addition, as noted in Aliu et al. (2014a) , nearly all the VHE γ-ray emission happens to be confined within a void. One possible explanation proposed by Butt et al. (2003) is that the large, mechanical power density from the stellar winds of the OB stars could be powering the emission. However, even though the energy required to power the VHE emission is a fraction of the estimated wind energy, almost all of the massive stars are located outside of the VHE emission region. It is also plausible that a supernova exploded within Cygnus OB2 and its remnant is expanding into the surrounding medium, creating the void and powering the γ-ray emission. The γ-ray emission in the vicinity of the SNR G78.2+2.1, located in the region of Gamma-Cygni, was first detected by the EGRET instrument on board the Compton Gamma Ray Observatory (CGRO) (Thompson et al. 1995) . There is a bright Fermi-LAT pulsar, PSR J2021+4026 (3FGL J2021.5+4026), at the center of the remnant (Abdo et al. 2010a,b) as well as extended γ-ray emission above 10 GeV (3FGL J2021.0+4031e) with an extension consistent with that seen in radio observations of G78.2+2.1 (Lande et al. 2012) . A VHE source, VER J2019+407, was detected by VERITAS at a level of 7.5σ on the northwestern rim of the radio shell of the SNR G78.2+2.1 (Aliu et al. 2013) . HAWC has detected a source (2HWC J2020+403) that lies within G78.2+2.1, 0.43
• away from the location of VER J2019 +407 and close to PSR J2021+4026. They do not report on any evidence of extension, and they report a power law spectrum for flux (1.85 ± 0.26 stat ) × 10 −17 GeV −1 cm −2 s −1 at 7000 GeV and spectral index (−2.95 ± 0.10 stat ). 3FGL J2021.0+4031e is generally modeled as a uniform disk of radius 0.63
• (Acero et al. 2015) , though Ackermann et al. (2011) found an improvement in their modeling of the region if, in addition to a disk source for the entire remnant, they included an elliptical source based on the morphology presented in Weinstein et al. (2009) . Fraija & Araya (2016) conducted an analysis above 4 GeV which showed a region of enhanced emission in the GeV energy range over and above the uniform disk model that coincides with the VHE emission from VER J2019 +407.
The radio emission is brightest at the opposite side of the SNR from VER J2019+407, on the southern edge of the remnant. Leahy et al. (2013) discuss the radio and X-ray emission in detail and note that there are several possible sources of radio emission in the same line of sight as the southern edge of the remnant, which could give the appearance of the radio emission in that region being higher than it actually is. In contrast, by examining ROSAT X-ray observations they show that the diffuse emission is brightest at the northern and western edges. It is noted that the northern emission may, in part, be due to the presence of a large X-ray shell associated with the early-type star V1685 Cyg which lies in the line of sight of G78.2+2.1 but at between half and one third of the distance (980 pc, cf. 1.7 to 2.6 kpc for G78.2+2.1 (Green 2014) ). G78.2+2.1 lies within the Cygnus Cocoon and could power at least some of the high energy emission seen from the region.
In this analysis, VER J2019+407 was observed by VERITAS at a peak (local) significance of 7.6σ using the Extended integration region. The source was found to be extended and asymmetric, unlike the morphology reported in Aliu et al. (2013) where a symmetric fit was favored. It was fit with an asymmetric Gaussian with the results given in Table 4 . This difference in morphology likely reflects the improved PSF in this analysis in comparison to the discovery paper (Aliu et al. 2013) resulting from the requirement of three telescopes in the reconstruction and a higher image intensity requirement, and the larger dataset.
The morphology of 3FGL J2021.0+4031e was examined by producing a TS map of the region with 3FGL J2021.0+4031e removed from the model of the region (Figure 11 ). The Fermi-LAT emission showed a disk-like structure, of similar size to the remnant detected in the CGPS 1420 MHz survey (Taylor et al. 2003) . However, the HE γ-ray emission was not uniform across the disk, rather it was enhanced at the northern rim where the VERITAS emission is detected. . Fermi -LAT √ TS map of 3FGL J2021.0+4031e (SNR G78.2+2.1). Overlaid are VERITAS excess contours at levels of 50, 100, 150, 200, and 250 (red) , and CGPS 1420 MHz (black) contours in 8 logarithmically spaced levels between brightness temperatures 20 and 150 K, (Taylor et al. 2003) . The locations of 2HWC J2020+403 (purple diamond) and the Fermi -LAT sources in the region (orange tris for point sources, circles showing the extent for extended sources) are indicated as well.
The spectral fit to the VERITAS data is given in Table 5 . The updated analysis has a spectrum that is softer, but within the statistical errors of the earlier spectrum reported in Aliu et al. (2013) , with a normalization at 1000 GeV that is in agreement with the value in that work.
Two Fermi-LAT SEDs were produced for 3FGL J2021.0+4031e. The first uses the full disk of radius 0.63
• as in the 3FGL catalog. For the second, 3FGL J2021.0+4031e was broken up into two sources: the region inside the VERITAS Extended integration region (a disk of radius 0.23
• centered on (l, b) = (78.38, 2.56), 3FGL J2021.0+4031eA) the region from which the VERITAS spectrum presented in Table 5 is extracted, and the remainder of the 0.63
• radius disk outside of the VERITAS integration region, 3FGL J2021.0+4031eB. This was done to investigate whether the emission seen by VERITAS has a common origin with that observed with the Fermi-LAT. Also, it was used to test whether the level of enhancement seen in the Fermi-LAT TS map of the remnant is reflected in a change in the spectral properties. In both cases, the favored fit is a PL. When treated as a single disk, 3FGL J2021.0+4031e is detected at a TS of 910, with spectral parameters of γ = 2.02 ± 0.03 stat , N 0 = (2.50 ± 0.10 stat ) × 10 −13 GeV −1 cm −2 s −1 at E 0 = 6.78 GeV. When divided into two sources, they are detected at test statistics of 186 and 474 for 3FGL J2021.0+4031eA and 3FGL J2021.0+4031eB respectively. 3FGL J2021.0+4031eA is fit with the parameters γ = 2.00 ± 0.07 stat , N 0 = (5.77±0.52 stat )×10 −14 GeV −1 cm −2 s −1 at E 0 = 6.78 GeV, whereas 3FGL J2021.0+4031eB is fit by γ = 2.02±0.04 stat , N 0 = (1.84 ± 0.10 stat ) × 10 −13 GeV −1 cm −2 s −1 at E 0 = 6.78 GeV. Figure 12 shows the SEDs for 3FGL J2021.0+4031e and 3FGL J2021.0+4031eA. 3FGL J2021.0+4031eB is not shown for clarity. All have the same spectral indices within statistical errors, which suggests that they share a common origin of their emission. A joint fit was conducted using the VERITAS and the Fermi-LAT spectral points for 3FGL J2021.0+4031eA with the PL, BPL and LP spectral models. The best fit is with a BPL with parameters N 0 = (1.93 ± 0.50 stat ) × 10
GeV, γ 1 = 1.97 ± 0.07 stat and γ 2 = 2.79 ± 0.22 stat , p-value = 0.55 cf. 0.33 for the LP and 0.11 for the PL. Figure 12 . SEDs from sources in the region of the G78.2+2.1. Black is the VER J2019+407 spectrum from the VERITAS Extended analysis. Also plotted are the Fermi -LAT SEDs from 3FGL J2021.0+4031e (blue) and 3FGL J2021.0+4031eA, the region of 3FGL J2021.0+4031e that lies within the VERITAS Extended integration region (red, 3FGL J2021.0+4031eB was also included in the analysis as an additional source whose spectrum is not shown for clarity). The butterflies show statistical errors only.
With a morphology that matches G78.2+2.1 the HE emission from 3FGL J2021.0+4031e is associated with the supernova remnant. The agreement in the fluxes from 3FGL J2021.0+4031eA and VER J2019+407 suggest that these two objects are associated, and thus that the VERITAS emission is also associated with G78.2+2.1, with the current VERITAS observations only able to detect the brightest part of the remnant. The peak of this emission is located 0.5
• away from the pulsar (PSR J2021+4026) with no evidence of VHE emission from the region between VER J2019 +407 and the pulsar. Though the pulsar is often offset from the center of the VHE emission, it generally lies within the emission region and/or is associated with another region of VHE emission as discussed in Aliu et al. (2013) and references therein. The level of separation we have observed here, significantly more than the angular extent of the VHE emission, makes it unlikely that the emission is due to a PWN associated with PSR J2021+4026.
Comparing the joint spectral fit conducted in this work with that presented in Fraija & Araya (2016) shows a softer spectral index above and below the break (though within statistical errors), with a higher break energy. The softer spectral index in this work is in agreement with that predicted by standard test-particle shock acceleration, reducing the requirements for non-linear effects as discussed in that work.
The source detected by HAWC is offset from the VERITAS emission, has a higher flux and a softer spectral index. The origin of these differences is uncertain though it may be due to the higher energy threshold of the HAWC observations, though there is no evidence of this in the VERITAS data. The other possibility is that the significant diffuse emission in the region is affecting the analyses. Further work is required to understand the emission in this region across all wavebands. Deeper VERITAS observations, in particular with the lower energy threshold following the 2012 camera upgrade, may enable the detection of emission from more of the remnant and the exploration of any energy dependent morphology which could explain the differences between the three instruments.
VER J2019+368
6.3.1. Background MGRO J2019+37, one of the brightest sources observed in VHE γ-rays, is located within the vicinity of the OB star association Cygnus OB1. This source was observed by the Milagro collaboration to have a flux level of 80% of the Crab Nebula where it was fit with a exponentially cut-off power law (Equation 3) of parameters N 0 = (7
+5
−2 ) × 10 −17 GeV −1 cm −2 s −1 at 10000 GeV, γ = 2.0 +0.5 −1.0 and E c = 29000 +50000 −16000 GeV (Abdo et al. 2012) with no identified multiwavelength counterpart(s). VERITAS has resolved MGRO J2019+37 into two components, an extended source VER J2019+368, which constitutes the bulk of the emission and a point source VER J2016+371, which is coincident with the SNR CTB 87 (Aliu et al. 2014b ) and discussed in Section 6.4. VER J2019+368, with an extent of over 1
• along the major axis, is spatially close to several sources that could potentially power (at least part of) the VHE emission. These include the HII region Sh 2-104, Wolf-Rayet stars, the pulsars PSR J2021+3651 and PSR J2017+3625 (which are both detected in HE γ-rays by the Fermi-LAT), the PWN G75.1+0.2 (powered by PSR J2021+3651), and the hard X-ray transient IGR J20188+3657 (Aliu et al. 2014b) .
PSR J2021+3651 (3FGL J2021.1+3651) lies to the east of the VER J2019+368 region and is associated with the X-ray PWN G75.2+0.1, which stretches back towards the VHE emission region. The possibility of these objects being linked to MGRO J2019+37 is discussed in detail in Hou et al. (2014) . Gotthelf et al. (2016) report on NuSTAR observations of the western edge of the VER J2019+368 region. They identified a number of hard X-ray sources in the region, three sources of particular interest were identified: 3XMM J201744.7+365045 (a bright point source which is most likely an active galactic nucleus behind the Galactic plane though it could be a pulsar), NuSTAR J201744.3+364812 (a nebula, most likely a galaxy cluster hidden behind the Galactic plane), and emission associated with a young massive stellar cluster enclosed by a radio spur at the eastern edge of Sh 2-104. Further observations, for example with Chandra are required to determine whether these sources are related to the observed emission. 3FGL J2017.9+3627 lies to the southwest of VER J2019+368 and was recently identified as a γ-ray pulsar (PSR J2017+3625) by the Einstein@Home distributed computing project (Pletsch & Clark 2014; Clark et al. 2017) . The pulsar has a spin frequency of 6.00 Hz with a first frequency derivative of -4.89×10 −14 Hz s −1 , giving a characteristic age of 1943 kyrs and a spin-down power of 1.2×10 34 erg s −1 ). 3FGL J2017.9+3627 is coincident with a region of low energy VHE γ-ray emission (E < 1 TeV) (Aliu et al. 2014b). Gotthelf et al. (2016) concluded that this pulsar could power the observed emission with an observed efficiency (L T eV /Ė) ∼ 0.03, which is plausible for a > 10 5 year-old pulsar.
Results
In this analysis, VER J2019+368 was observed at a peak (local) significance of 10.3σ using the Extended integration region. Significantly extended and asymmetrical, the source is best fit with an asymmetric Gaussian (Table 4) as in (Aliu et al. 2014b) , with the fit parameters in agreement with the results presented there.
In addition, a sky map produced using the Point integration region shows that the emission appears to be strongest in two regions, each of which is detected at a level greater than 7σ local . Between the two sources lies a valley in the significance where the significance drops below 4σ local , giving a change in the significance that is greater than 3σ local .
This suggests that the emission may be the result of two sources that were previously unresolved (though whether these are two independent sources, two enhancements of a single, extended source, or the result of statistical fluctuations is, as yet, uncertain).
To examine the extension of these two regions a joint fit was conducted using two symmetric Gaussian sources (Table 4) . This did not produce a significant improvement in the fit in comparison to a single, asymmetric Gaussian model (χ 2 /DoF = 6511/5992 for the two sources cf. 6600/5994 for the single, asymmetric Gaussian). We also produced a section through the excess map along the major axis of the fit to VER J2019+368 (Figure 13 ). The data were binned using rectangles of width 0.05
• and height 0.2
• along a length of 1.0
• . This was fit with two models: a single Gaussian function and the sum of two Gaussian functions. The single Gaussian function fits the data well with a χ 2 /DoF of 15.1/17 and the sum of two Gaussian functions mildly over fits the data with a chi 2 /DoF of 8.2/14. Neither of these tests provides statistically significant evidence that the emission is due to two independent sources, therefore we name the potential sources VER J2018+367* and VER J2020+368* where the * indicates that the two sources are still candidates and may be related. Further observations are required to understand this morphology. Excess Counts VER J2020+368 VER J2018+367 Figure 13 . A section along the major axis of VER J2019+368 towards VER J2018+367* through the excess map using the Point integration radius (black steps). Each bin was produced using an aperture of width 0.05 • and height 0.2 • . The data are fit with a single Gaussian (blue) and the sum of two Gaussians (orange). The locations of VER J2018+367* (red dot-dashed) and VER J2020+368* (green dashed) are also shown. Aliu et al. (2014b) reported evidence of energy-dependent morphology with a low significance (3σ) region of lower energy (E < 1000 GeV) emission to the southwest of the main emission region around (α J2000 , δ J2000 ) = (20 h 18 m , +36
• 26 ′ ). This is not visible in this analysis with either the Point or Extended integration regions (Figure 14) . The reason for this is either due to the higher energy threshold used in this analysis or that the original apparent energy dependence was a statistical fluctuation which has disappeared with additional data. Further observations with a lower energy threshold following the 2012 camera upgrade may clarify this. Interestingly, both VER J2018+367* and VER J2020+368* are also regions which show low-energy emission in Figure 14 . However, at the moment, it is not possible to say whether this is the cause of these excesses (regions of lower energy emission over a background of higher energy emission) or whether this is just an effect of having brighter emission from these regions across both energy ranges.
We reconstructed spectra for all three sources and the fit parameters are given in Table 5 and shown in Figure 15 . In the case of VER J2019+368 there is some evidence of curvature. When fit with a LP spectrum the fit improved in comparison to the PL spectrum that we report in Table 5 but not significantly (F-test = 1.75σ). In comparison with the result presented in Aliu et al. (2014b) , the spectrum has a significantly lower flux. This is due to the smaller integration region used in this analysis (0.23
• radius rather than 0.5 • ). Figure 14 . Energy dependent excess map at >1000 GeV (red) and <1000 GeV (green) for the region around VER J2019 +368 produced using the Point integration region, the transition from black to color is an excess ≥ 0 with a maximum excess >1000 GeV of 70 counts and a maximum excess <1000 GeV of 30 counts. Unlike Aliu et al. (2014b) there is no evidence of a region of lower energy emission to the south of the extended emission from VER J2019+368. This is either due to the higher energy threshold employed in this analysis reducing the sensitivity to low energy emission in this region or the earlier result was a statistical fluctuation which has diminished with the increased data. VER J2018+367* and VER J2020+368* are shown with the 1σ extents (solid white lines) and are located at regions which show enhanced emission below 1000 GeV. Also shown are the locations of 2HWC J2019+367 (yellow, with the 1σ error on its position), IGR J20188+3647 (cyan diamond), the two Fermi -LAT pulsars (3FGL J2021.1+3651 and 3FGL J2017.9+3627 (cyan triangles)), and the NuSTAR sources from Gotthelf et al. (2016) . The sky blue arc approximately traces the region with > 50 photons s −1 cm −2 sr −1 in the 2-10 keV energy range from Mizuno et al. (2017). 6.3.3. Discussion 2HWC J2019+367 lies between VER J2018+367* and VER J2020+368*, 0.07
NuST AR
• away from VER J2019+368 (within the 0.09
• statistical uncertainty of the HAWC location). As a point source (it was also detected with an extension of 0.7
• ) it is fit with a softer spectral index (−2.29 ± 0.06 stat ) and a higher normalization ((3.02 ± 0.31 stat ) × 10
GeV −1 cm −2 s −1 at 7000 GeV) than observed for VER J2019+368 in this work (γ = 1.98 ± 0.09 stat ± 0.20 sys , N 0 = (1.03 ± 0.11 stat ± 0.2 sys ) × 10 −16 GeV −1 cm −2 s −1 at 3110 GeV). It is noted that VER J2016+371 is not resolved in the ] VER J2019+368 VER J2018+367 VER J2020+368 Figure 15 . Spectra of VERITAS sources in the MGRO J2019+37 region. The spectrum for VER J2019+368 was produced using the Extended integration region is shown in black along with the spectra for VER J2018+367* (blue) and VER J2020 +368* (red) which were produced using the Point integration region. The butterflies show statistical errors only.
2HWC catalog, though there is evidence of excess emission in that direction in the maps presented in the associated paper. Examining a Fermi-LAT TS map there is no evidence of emission coming from either of the two sources.
6.3.4. Potential VER J2018+367* Multiwavelength Counterparts 3FGL J2017.9+3627 has recently been identified as a γ-ray pulsar (PSR J2017+3625) by the Einstein@Home distributed computing project ) and lies to the south west of VER J2018+367* at a distance of 0.34
• . As pulsations have only recently been detected, no publicly available ephemeris is available. This prevented us from using either of the analysis methods presented in Section 3 for determining whether a PWN is present but hidden by the strength of the pulsed emission. Instead we performed an analysis above 10 GeV to test for any emission potentially associated with a PWN, none was detected and we place a 95% integral flux upper limit on the point source emission of 6.2×10 −11 cm −2 s −1 between 10 and 500 GeV. We can compare the observed separation between PSR J2017+3625 divided by the extension of VER J2018+367* with the values reported in H.E.S.S. Collaboration et al. (2018b) . The observed value of 1.9 is approximately a factor of 2 higher than all of the firm associations reported and above the rating criterion of 1.5 they applied to post-select associations. However, with a characteristic age of 1943 kyr this is significantly older than all of the firm identification which they report and could explain the larger ratio. Assuming a distance of 450 pc (from Gotthelf et al. (2016) based upon the gamma-ray efficiency of the pulsar) the TeV efficiency is 0.003, right at the lower edge of the scatter predicted by their varied model. In contrast, assuming a larger distance (Gotthelf et al. (2016) place a lower limit on the distance using an empirical relationship between pulsars and their spin down power at 1 kpc) gives a TeV efficiency of greater than 0.01, well withing the expected range . Given the large separation and lack of evidence of an extended PWN in multiwavelength observations we are not able to associate the two objects. However, based upon the observed properties of younger systems it is possible that VER J2018+367* is a PWN associated with PSR J2017+3625.
In addition to PSR J2017+3625, other non-thermal sources are detected in the area which may power the observed VHE emission. Gotthelf et al. (2016) discuss the potential for a number of hard X-ray sources identified using NuSTAR data to power at least the western part of the emission from VER J2019+368, the emission that is now associated with VER J2018+367*. We note that all of the identified sources lie to the west of VER J2018+367*, and thus are unlikely to be the sole contributor to the emission.
Observations with Suzaku presented in Mizuno et al. (2017) showed no evidence of X-ray emission in the 0.7 -10 keV energy range in the region around VER J2018+367*. The closest source, a point source that they suspect is a background active galactic nucleus, lies in the gap between VER J2018+367* and VER J2020+368* and is unlikely to be the dominant contributor to the observed, extended VHE emission.
VER J2018+367* is spatially coincident with IGR J20188+3647, which remains a possible source for the emission from this region. Based upon the fast rise time of the emission from IGR J20188+3647 (∼ 10 minutes), followed by the slower decay (∼ 50 minutes) and the spectral parameters, Sguera (2009) consider this to be a candidate supergiant fast X-ray transient. They concluded that though it is spatially coincident with MGRO J2019+37, due to the extended and diffuse nature of the VHE emission region it is unlikely to be associated with it. However, the resolution of VER J2019+368 into two sources has significantly reduced this constraint.
6.3.5. Potential VER J2020+368* Multiwavelength Counterparts 3FGL J2021.1+3651 (PSR J2021+3651) is a γ-ray pulsar that lies 0.11
• away from VER J2020+368*. The spectrum cuts off sharply at a few tens of GeV (E c = 5.14 ± 0.36 GeV) and thus it is not expected to contribute to the observed VHE emission, but it could be masking emission associated with a PWN. Using the methods outlined in Section 3 an examination was conducted for a possible counterpart using an OFF-pulse phase of 0.7 to 1. The BRIDGE pulse phase from 0.2 to 0.4 was included in the ON-pulse phase. No evidence of a source was present in either of the analyses. The lack of detection of a Fermi-LAT PWN does not rule out the presence of such an object given the analysis challenges associated with such a bright pulsar, nor does it prevent the known PWN visible in other wavelengths from being responsible for at least in part for the VHE emission.
XMM-Newton clearly shows a bright point source spatially coincident with the Fermi-LAT detected pulsar PSR J2021.1+3651, with associated extended emission likely from a PWN (G75.2+0.1) powered by the pulsar. The PWN is also visible in VLA 20 cm data. Aliu et al. (2014b) discuss the potential for G75.2+0.1 to contribute to the VHE emission in detail. The authors note that the bulk of VERITAS emission lies to the west of these objects, though the pulsar is moving in an eastwards direction with G75.2+0.1 stretching back towards VER J2020+368*. Mizuno et al. (2017) reported on Suzaku observations that have allowed for a more detailed study of this westerly emission from G75.2+0.1 in the 0.7 -2 and 2 -10 keV bands. They show significant emission that extends to the west of PSR J2021+3651 back towards VER J2020+368* though, as in the earlier observations, the X-ray emission they observe does not cover the region of highest VHE emission. Comparing the X-ray and VHE emission they explore the relationship between the earlier results on VER J2019+368 presented by VERITAS in Aliu et al. (2014b) and the X-ray data they studied. The results presented here show a similar spectral index for VER J2020+368* as for the results reported for VER J2019+368 in Aliu et al. (2014b) (−1.71 ± 0.26 stat ± 0.2 sys cf. −1.75 ± 0.08 stat ± 0.2 sys ) though the 1-10 TeV flux is approximately a factor of six lower (7.3×10 −10 GeV cm −2 s −1 rather than 4.2×10 −9 GeV cm −2 s −1 ). This is due to the smaller integration region size used (0.1
• cf. 0.5 • ) but with an area that is 25 times smaller the flux per unit solid angle is higher. The significant decrease in the TeV flux results in an increase in the ratio U mag /U ph from about one as presented in Mizuno et al. (2017) to about six, with the smaller integration region better matching the size of the region from which the X-ray flux was extracted. This change results in a larger average magnetic B field of about 18 µG. This implies a lower energy population of electrons powering the observed X-ray emission (by a factor of about √ 6) bringing them down to about the same energy as those powering the VERITAS emission. Thus, the difference in the spectral indices between the X-ray and γ-ray observations cannot be explained by a break in the electron spectrum. The similarities between the populations also make it difficult to explain the origins of the observed morphology differences between the two wavebands. This higher magnetic field is closer to that detected in HESS J1825-137 (Uchiyama et al. 2009 ) though VER J2020+368* has a much smaller difference between the X-ray and γ-ray spectral indices. In summary, it is likely that VER J2020+368* is associated with G75.2+0.1 (the PWN of PSR J2021+3651), though more detailed observations are required to fully understand the system, in particular to understand the relationship between the observed properties of the X-and γ-ray emission and the high inferred magnetic field.
VER J2016+371
6.4.1. Background
In addition to the extended emission from VER J2019+368, Aliu et al. (2014b) resolved from MGRO J2019+37 a point source of emission coincident with the SNR CTB 87 (VER J2016+371). There is a bright source detected by Fermi-LAT which lies close to the position of VER J2016+371 in the 1FGL, 2FGL and 3FGL catalogs (1FGL J2015.7 +3708, 2FGL J2015.6+3709 and 3FGL J2015.6+3709 respectively) and also in the higher energy 1FHL, 2FHL and 3FHL catalogs (1FHL J2015.8+3710, 2FHL J2016.2+3713, 3FHL J2015.9+3712) and in the 1st Fermi LAT Supernova Remnant Catalog (1SC, Acero et al. 2016) . The location of this source is slightly different in each of the three energy ranges. In the 1FGL/2FGL/3FGL catalogs the source is located close to QSO J2015+371, a BL Lacertae object at z = 0.859 (Shaw et al. 2013) , whereas in the 1FHL/2FHL/3FHL catalogs it lies closer to CTB 87. At the lower energies of the 1/2/3 FGL catalog analysis, there is evidence of flux variability, which has, along with the location, lead to the source being associated with the blazar QSO J2015+371. The higher energies see reduced evidence of variability and also see a hardening of the spectral index from -2.53±0.04 in the 3FGL to -1.74±0.46 in the 2FHL. Combined with the change in the source location this has led to it being associated with CTB 87 in those catalogs. This suggests that there could be two HE γ-ray sources which lie close together and are not being resolved in the Fermi-LAT data.
Results
In this analysis, VER J2016+371 was observed using the ring background technique and the Point integration region at a level of 6.3σ local . Previously reported as a point source (Aliu et al. 2014b) we found no improvement when fitting with a single symmetric Gaussian. Thus we still consider it to be a point source. To identify its best fit location we modeled it as a point source and the best fit location is given in Table 4 .
A spectral fit was conducted using all of the data taken with four telescopes operational and with a pointing offset of less than two degrees (a looser cut on pointing than used for the other sources, since the majority of the observations that had the source in the FoV were targeted at VER J2019+368 and thus have a larger pointing offset). A SED was produced using three logarithmically spaced bins per decade in energy and the Point integration region ( Figure 16 , Table 5 ). The updated spectrum is consistent (within statistical errors) with that reported in Aliu et al. (2014b) . Figure 16 . Spectra of sources in the CTB 87 region. The VERITAS spectrum for VER J2016+371 (black) is plotted along with the Fermi -LAT spectra derived from a single source located at the position of 3FGL J2015.6+3709 (blue). The spectra from an analysis where this was replaced with two sources, one located at the radio position of CTB 87 (red) and one located at the radio position of QSO J2015+371 (magenta), are also shown. The butterflies show statistical errors only.
In the Fermi-LAT analysis, when the source is fit at the location of 3FGL J2015.6+3709 ((l, b) = (74.87
• , 1.186 • )) an additional source is detected at (l, b) = (74.99
• , 1.16 • ) (see Table 6 for details). The location of the Fermi-LAT source is known to vary depending upon the energy threshold so this additional source is likely due to a change in the source location associated with the higher energy threshold in this analysis in comparison to the 3FGL. The fermipy method localize was run on 3FGL J2015.6+3709 without the additional point source included in the model. This resulted in an updated source position of (l, b) = (74.893
• ± 0.006
. This position lies 0.03
• from the catalog location of 3FGL J2015.6+3709 and is shown relative to the Fermi-LAT catalog positions and overlaid on an XMM-Newton counts map with VERITAS excess and CGPS 1420 MHz contours in Figure 17 . With the updated Table 6 . Results of an examination of the HE emission in the region of VER J2016+371. All errors are statistical only. source location, no second source is detected. For the updated location, the fermipy method extension was run to determine if there was any evidence of spatial extension, none was detected and a 95% confidence level upper limit of extension was found of 0.07
• with a 2D symmetrical Gaussian as the source template. Given the location of the source it is likely dominated by emission from QSO J2015+371 and the SED (Figure 16 ) is consistent with that from the 3FGL J2015.6+3709 as presented in the 3FGL (shown in Figure 7) .
To test the relative contributions of the two associations, instead of using a single source to model the emission, two power law sources were used and placed at the radio locations of CTB 87 and QSO J2015+371 respectively (the positions are given in Table 6 ). When this model was fit to the data, the two sources had test statistics of 102 and 1087 for CTB 87 and QSO J2015+371, respectively. It is not possible to definitively state that the Fermi-LAT data supports the presence of two sources that are currently unresolved, but there is evidence to suggest that this is the case.
The spectra of the two sources are noticeably different, with the source located at the site of CTB 87 being weaker and harder. Plotting these spectra with the spectrum from the updated 3FGL location, and with the VERITAS spectrum of VER J2016+371 (Figure 16 ), shows good agreement between the spectrum of the Fermi-LAT source located at CTB 87 and the spectrum of VER J2016+371, whereas the source located at the location of QSO J2015+371 would require a spectral hardening to fit the VERITAS results. Conducting a joint fit to both the spectral points from the Fermi-LAT emission at the CTB 87 position and VERITAS emission from VER J2016+371 with a PL gives the parameters N 0 = (6.67 ± 0.60 stat ) × 10 −11 GeV −1 cm −2 s −1 at E 0 = 5.2 GeV and spectral index −2.39 ± 0.05 stat with a χ 2 of 4.4 and 9 DoF.
Discussion
Combined, the location of VER J2016+371 and the spectrum of the Fermi-LAT emission, when fit as two sources, suggests that the Fermi emission from the direction of CTB 87 and VER J2016+371 are the same source and that they are associated with the SNR CTB 87. However, a contribution from QSO J2015+371 to the VHE emission cannot be ruled out.
Examining the region in other wavelengths highlights the two sources identified above along with a number of other, weaker, non-thermal sources. Figure 17 shows an XMM-Newton counts map of the region (observation id. 0744640101) overlaid with contours from the CGPS 1420MHz survey. In both of these observations, CTB 87 and the blazar QSO J2015+371 are clearly visible, with the VERITAS emission centered on a location that lies within the radio shell of CTB 87, supporting the theory that the VHE γ-ray emission is from that source. In contrast, the lower energy Fermi-LAT emission is located between the two sources and outside of any of the X-ray emission regions. Chandra observations of the region clearly show a bright point source (CXOU J201609.2+371110) that lies within the X-ray emission from CTB 87 at (l, b) = (74.9438, +01.1140), though pulsations have yet to be detected, it has been suggested that this is the location of the pulsar powering the PWN. The implications of this, and the location and morphology of the X-ray emission, are discussed in detail in Matheson et al. (2013) , concluding that CTB 87 is an evolved (∼5 -28 kyr), crushed PWN with the extended radio emission and likely a 'relic' PWN, as in Vela-X and G327.1-1.1, both of which are detected in VHE γ-rays. Saha (2016) conducted a multiwavelength study of the object, where they attributed excess emission in the MeV-GeV range to an additional Maxwellian component. In contrast, the single power law fit presented here does not require this component. However, the emission above 1 TeV still requires the BPL electron distribution as presented in Figure 4 of that work. This BPL electron population can be understood in the context of the multiwavelength data with the electron distribution before the break responsible for the radio emission, and the population after the break responsible for the X-ray emission. Due to the relatively poor angular resolution of VERITAS in comparison to the radio and X-ray observations it is not possible to observe any differences in the VHE spectrum from these two locations. Figure 17 . XMM-Newton counts (red color scale, observation id. 0744640101, no background subtraction nor correction for variation in exposure across the FoV has been applied). VERITAS excess with the Point integration region is shown in levels of ten counts starting at 30 (bright green) along with CGPS 1420 MHz contours (eight logarithmically spaced levels between brightness temperatures 20 and 150 K (Taylor et al. 2003) , dark blue). The locations of VER J2016+371 (green plus), the Fermi -LAT position from this work (green cross) and the positions from the different catalogs (black tri symbols) and the radio locations of CTB 87 (cyan o) and QSO J2015+371 (cyan diamond) are shown for comparison.
VER J2016+371

SOURCE POPULATION IN COMPARISON TO H.E.S.S. GALACTIC PLANE SURVEY
It is interesting to compare the populations of HE and VHE sources in the Cygnus region to the region covered by the H.E.S.S. Galactic plane survey. In the region surveyed by H.E.S.S. (250
• , 2700 hours of quality-selected data), they detected 78 sources (H.E.S.S. Collaboration et al. 2018a ). The average sensitivity for their survey was approximately 1.5% Crab Nebula fluxfor point sources, though it varied across the region. In comparison the average sensitivity in this work is about 3% of the Crab, two times higher, though again it shows significant variation with position. In the Fermi-LAT 3FGL catalog there are 339 total sources in the region covered by H.E.S.S. and 37 in the region covered by this work. We would therefore expect to detect 37/339×78 = 8 VHE sources in the VERITAS survey region, roughly twice the number that we detect (depending on whether VER J2018 +367* and VER J2020+368* are considered as independent sources or as hot spots in VER J2019+368). Performing similar calculations with the 2FHL and 3FHL catalogs gives 3/40×78 = 6 and 13/119×78 = 9 VHE sources within the VERITAS region respectively. All three predictions agree well with the number of sources observed given the difference in sensitivity between the two surveys and suggest that there is likely a correlation between the numbers of HE and VHE sources in a region. It should, however, be noted that this is a very simplistic calculation and does not take into account the distances to the sources, the possibility of source confusion, the differences in the diffuse Galactic background or the relative depth of the surveys. No new sources were detected in the VERITAS analysis and the updated results of the four previously detected VERITAS sources show that:
VER J2019+407: The morphology of the HE γ-ray emission from 3FGL J2021.0+4031e is not a uniform disk as in the 3FGL and peaks at the north eastern rim of the SNR, in the same region as the VERITAS emission from VER J2019+407. A Fermi-LAT spectrum extracted from the region coincident with the region from which the VERITAS spectrum is extracted was found to agree well with the VERITAS data and a joint fit is well described by a broken power law showing a common origin. VER J2019+368: Two source candidates were identified in VER J2019+368, VER J2018+367* and VER J2020 +368*. Both sources are detected at a level greater than 7σ local and the spectra are fit with a single power law.
VER J2016+371: When the Fermi-LAT emission is fit as two point sources, one located at the radio location of CTB 87, one at the radio location of QSO J2015+371, a single power law fits the data from the CTB 87 located Fermi-LAT source and the emission detected by VERITAS.
In addition to the detected sources, VERITAS upper limits have been produced for 71 locations at an average level of 2.25% (2.87%) of the Crab Nebula flux for a 0.1
• (0.23 • ) integration region. These locations have, on average, a positive significance of 0.33 (0.18), a 2.9σ (1.7σ) deviation from the expected average significance.
The Cygnus region has significant potential for follow-up observations by VERITAS (especially following the summer 2012 camera upgrade and the development of advanced analysis methods aimed at extended sources) and for future work with CTA (Dubus et al. 2013 ) and HAWC.
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A. CALCULATION OF VERITAS SPECTRAL ERRORS
For the VERITAS spectra presented in this work, statistical errors on the spectra were computed and plotted to indicate the 1σ confidence range of the fitted models (a "butterfly" plot). For a power law with parameters N 0 ± ∆N 0 , and spectral index −γ ± ∆γ, and covariance cov (N 0 , γ), the contour is defined by ∆F 2 B. TRIALS FACTOR ESTIMATION A significant number of statistical trials (X T ) are associated with blind searches for γ-ray sources of unknown location in a survey such as this. These trials increase the chance of an observed positive significance at any location being the result of statistical fluctuations of the background and need to be accounted for when determining the significance of any observed deviation from the null hypothesis (no γ-ray sources in the region, assuming only a uniform cosmic-ray background). Since the grid points are correlated, both in the ON-region and the OFF-region, the number of trials will be less than the number of grid points. To estimate the number of trials in this analysis, Monte Carlo simulations were conducted to estimate the chance of measuring a given significance in the absence of a signal. Background-only sky maps were generated by throwing the expected number of background "events" with a probability distribution constructed from the acceptance map shown in Figure 1 . An RBM analysis was then conducted for each simulated sky map and the significance for each point was calculated. The significance of an a priori chosen random point (σ local ) and the maximum significance of any point (σ global ) were recorded. In total, about 1.5 × 10 6 simulated sky maps were produced.
The trials factor (X T ) was found by considering that searching the significance sky map for a signal constitutes a simple success/failure test at each location on the sky with a probability distribution described by the Binomial probability function. In this case, a "success" was classed as the measured signal being due to a random statistical fluctuation of the background. When dealing with the probability of observing more than n successes in N attempts, the binomial expression given above was summed and expanded
Where P (n 1) is the probability of observing one or more values with individual probabilities p. Hence, for larger and larger values of N (i.e. more trials), the likeliness of observing this success increases. This equation was then re-arranged to get an expression for the X T (≡ N ) which relates the local (P local (≡ p) which was calculated using the distribution of σ local ) and global (P global (≡ P (n≥1) ) which was calculated using the distribution of σ global ) probabilities.
X T = ln(1 − P global ) ln(1 − P local ) (B8) Figure 18 shows the dependence of X T on σ local . X T increases with increasing σ local but it is always significantly smaller than the number of bins in the sky map, reflecting the correlation in both the signal (due to the size of the ON-region relative to the grid spacing) and background (due to the size of the OFF-region). The Extended integration region has a smaller X T than the Point integration region, reflecting the higher level of correlation between the ONregions. Figure 19 shows how the global significance varies as a function of local significance. Below a σ local of about 4.5 the σ global is 0 since a fluctuation of this magnitude is expected in every observation. Achieving a σ global that is greater than 5 requires a σ local that is greater than 7. Figure 22 . Significance maps of the region around VER J2018+367*, VER J2020+368* and VER J2016+371. Overlaid are the 1σ ellipses for the source extension and their centroids (black) along with the location of 2HWC J2019+367 (white tri), the positions of the Fermi -LAT sources (cyan) and HAWC significance contours (at 2σ levels starting at 4σ, white dash). The upper white circle in the upper left is the PSF, whilst the lower circle is the integration region.
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